Stratification of human epidermal cells into multilayered sheets composed of basal and suprabasal layers (resembling the stratum germinativum and stratum spinosum of the epidermis) was studied in a dermal component-free culture system. Although no stratum corneum developed in vitro, this culture system provided a method to study early events in human keratinocyte differentiation. Multiparameter flow cytometric analysis of acridine orange-stained epidermal cells from these cultures revealed three distinct subpopulations differing in cell size, RNA content, and cell cycle kinetics. The first subpopulation was composed of small basal keratinocytes with low RNA content and a long generation time. The second subpopulation consisted of larger keratinocytes, having higher RNA content and a significantly shorter generation time. Finally, the third subpopulation contained the largest cells, which did not divide, and represent the more terminally differentiated keratinocytes. This in vitro approach provides discriminating cytochemical parameters by which the maturity of the epidermal cell sheets can be assessed prior to grafting onto human burn patients. Abstract Stratification of human epidermal cells into multilayered sheets composed of basal and suprabasal layers (resembling the stratum germinativum and stratum spinosum of the epidermis) was studied in a dermal component-free culture system. Although no stratum corneum developed in vitro, this culture system provided a method to study early events in human keratinocyte differentiation. Multiparameter flow cytometric analysis of acridine orange-stained epidermal cells from these cultures revealed three distinct subpopulations differing in cell size, RNA content, and cell cycle kinetics. The first subpopulation was composed of small basal keratinocytes with low RNA content and a long generation time. The second subpopulation consisted of larger keratinocytes, having higher RNA content and a significantly shorter generation time. Finally, the third subpopulation contained the largest cells, which did not divide, and represent the more terminally differentiated keratinocytes. This in vitro approach provides discriminating cytochemical parameters by which the maturity of the epidermal cell sheets can be assessed prior to grafting onto human burn patients.
Introduction
Cultures of human epidermal cells have been successfully initiated using both explants and enzymatic digests (single-cell suspensions) of adult skin (1, 2) . Improvements of these early methods involved culture of epidermal cells on irradiated 3T3 fibroblast feeder layers, collagen matrices, and use of fibroblastconditioned medium (3) (4) (5) .
Recently, culture systems were developed that support growth of epidermal cells in the absence of added dermal components (6, 7) . To gain a better understanding of keratinocyte proliferation and differentiation in the dermal-free culture system, multiparameter flow cytometric (FCM) ' techniques were utilized to analyze population kinetics at various times after the 1 . Abbreviations used in this paper: AO, acridine orange; FALS, forwardangle light scatter, FCM, flow cytometry; MEM, minimum essential medium.
initiation of culture (7, 8) using cellular RNA content as a discriminator of cell cycle traverse (9, 10) . At least two distinct subpopulations could be cytochemically resolved based on total cellular RNA content. Both subpopulations defined as having either low or high cellular RNA content contained cells in the GI, S, and G2 + M phases ofthe cell cycle. As part ofthe overall effort to develop optimal conditions for culture of human epidermal cells suitable for grafting on burn patients, the kinetic state of the low-and high-RNA content subpopulations were examined as a function of culture growth status and stage of differentiation.
Methods

Culture ofhuman epidermal cells
Specimens of split-thickness skin (obtained from cadavers 1-3 d after death) were collected with a Goulian hand dermatome and immersed in sterile Eagle's minimum essential medium ([MEM] Gibco, Grand Island, NY) with Earle's salts containing penicillin (100 U/ml), streptomycin (0.1 mg/ml), and fungizone (2.4 jg/ml) (Gibco) . Samples were stored at 4VC, washed three times in MEM with antibiotics, then incubated in a solution of 0.5% trypsin (Difco Laboratories, Detroit, MI, 1:250) in Ca" and Mge' free phosphate-buffered saline ([PBS] Gibco) for 90 min at 370C. Single-cell suspensions of epidermal cells were prepared by vigorous stirring in a solution of 0.25% deoxyribonuclease I (DNase I; Sigma Chemical Co., St. Louis, MO) and 1% fetal bovine serum in PBS and filtered through sterile gauze; FBS was added to the cell suspensions to neutralize trypsin activity. After centrifugation and resuspension in complete culture medium (MEM, 20% fetal bovine serum, 2 mM L-glutamine, hydrocortisone [0.5 ug/ml], penicillin [100 U/ml], streptomycin [0.1 mg/ml], and fungizone [0.25 ug/mlJ), the viability of epidermal cells prepared in this manner was determined to be 90-95% by trypan blue dye exclusion. Plastic tissue culture flasks containing 2 X I0O epidermal cells/cm2 were incubated at 370C in a humid 95% air/5% CO2 environment; the medium was changed every third day.
Preparation ofcultured keratinocytes for morphologic analysis
During the initial phase ofculture the keratinocytes grew as small colonies which were examined by phase-contrast microscopy. The cultures generally became confluent by the seventh day after plating. At this time, and at weekly intervals thereafter, cells could be lifted from the plastic substratum as intact sheets using the enzyme dispase (Boehringer Mannheim, Federal Republic ofGermany). Briefly, the medium was decanted off and the cultures were washed three times with sterile PBS. A 0.5% solution of dispase was added to cover the entire cell sheet (50 ml of dispase/150-cm2 flask) for incubation at 370C. After 20 min the cultures detached from the plastic as intact sheets and the sheets (which were pliable) were placed into sterile petri dishes. Dispase was removed by careful washing three times with PBS and the cells fixed by dropwise addition of 10% buffered formalin. Fixed sheets were embedded in paraffin, sectioned and stained with hematoxylin-eosin for microscopic examination.
Immunocytochemistry
Sections of paraffin-embedded, human full-thickness skin and confluent sheets of cultured epidermal cells were cleared in xylene, rehydrated in a graded series ofalcohol rinses, and reacted with monoclonal antibodies I/2 (11, 12) and EL-2 (13) . Indirect immunocytochemical staining methods have been previously described in detail (14) . 1/2 is reactive with basal and suprabasal keratinocytes but not (or minimally so) with keratinized epithelial cells (see below). EL-2 is specific for keratinocytes of the basal layer of epidermis (13) .
Cell cycle
Stathmokinetic examination ofthe cell cycle kinetics oflow-and high-RNA keratinocyte subpopulations (15, 16) . Cell cycle kinetics ofcultured keratinocytes were examined both during peak growth (days 7-1 1) and at plateau phase (days 12-21) ofculture. The mitotic inhibitor, colcemid (Gibco) was chosen as the stathmokinetic agent. Dose-response experiments indicated 0.05 jug/ml to be optimal for mitotic arrest and further experiments were carried out using this concentration of colcemid. A total of six experiments were carried out during peak proliferation (days 7-1 1) and three experiments during the plateau phase ofgrowth in culture (days [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Experiments were carried out in two ways: (a) Colcemid was added to a series of keratinocyte cultures at time 0 h. At hourly intervals of up to 8 h, cultures were trypsinized and harvested. Because it is known that mitotic cells have a tendency to round up and lose their attachment to plastic, care was taken to harvest both the floating and nonfloating cells. Cell culture aliquots were stained with acridine orange (AO; Polysciences, Inc., Warrington, PA) and measured by FCM (see below). Control cultures which had not received colcemid were also measured in parallel; (b) colcemid was added to keratinocyte cultures at hourly intervals for 8 h (-8, -7, -6 h, etc.). After the eighth hour, all of the cultures were harvested and measured by FCM. The DNA distributions were determined by gated analysis of low-RNA ("A") and high-RNA ("B") subpopulations and the rate ofentry into G2 + M determined.
Simultaneous staining of intracellular RNA and DNA by acridine orange (AO) (15) (16) (17) (18) . Human keratinocyte suspensions (0.2-ml aliquot containing 1-4 X 10' cultured cells in complete culture medium) were mixed with 0.4 ml of0.08 N HCG, 0.15 N NaCl, and 0.1% Triton X-100 (Sigma Chemical Co.) at 4VC. Cells were stained 30 s later by addition of 1.2 ml of a solution containing 0.2 M Na2HPO4, 0.1 M citric acid buffer, pH 6.0, 1 mM disodium EDTA, 0.15 N NaCl, 6 Mg/ml AO.
Under these conditions, interactions of the dye with DNA resulted in green fluorescence with a maximum emission of530 nm (F530) whereas interactions with RNA gave red metachromasia at 640 nm (F640); the intensities of these reactions are proportional to the DNA and RNA content, respectively (18) . Specificity of staining was evaluated by treatment ofcells with RNase A (Worthington Biochemical Corp., Freehold, NJ) or with DNase I as previously described (15) (16) (17) (18) (Fig. 2) . Histologic sectioning ofa 74--old epidermal cell sheet revealed such cultures to be between one and two cell layers thick (0.04 mm, Fig. 2 A). These cultures subsequently became more highly stratified and typically attained thicknesses ranging between 10 and 15 cell layers (0.1-0. germinativum and stratum spinosum of in situ epidermis (see below). Although no stratum corneum developed in these cultures ( Fig. 2 A-C), the cells retained the capacity to terminally differentiate once grafted in vivo (7) . Fig. 2 D represents a histologic cross-section of a biopsy site from a burn wound which had been grafted 7 d previously with a 2 l-d-old epidermal cell culture. The keratinocytes that had proliferated and partially differentiated in vitro were able to complete their differentiation to form a normal epidermis with full stratum corneum. This laboratory and others have previously shown that cultured epidermal cell sheets can be used as grafts that provide healing and coverage of a variety of wounds (7, 19) .
Identification ofkeratinocyte subpopulations during growth and differentiation in culture
Monoclonal antibody 1/2 has been shown to stain the basal layer of the epidermis intensely and the suprabasal layer weakly (1 1). This antibody was unreactive with the stratum corneum (Fig. 3  a) . The 1/2 staining pattern observed in a 2 l-d-old keratinocyte culture was the same as that observed in the normal epidermis ( Fig. 3 b an c) , confirming that these cultures grow and differentiate in a manner similar to normal epidermis in situ.
Multiparameter RNA/DNA FCM analysis provided more detailed information regarding the individual subpopulations of keratinocytes during their growth and partial differentiation in vitro.
Initial phase ofgrowth in culture. The adherent cell population consisted of small, rounded basal cells with GI DNA content and relatively uniform low RNA content (A compartment; Fig. 4 A) . During initial growth in vitro, a number of the low-RNA A compartment cells increased in RNA content (Fig. 4  B-D) . The proportion of cells recruited from the low-RNA A compartment into the high-RNA B compartment increased from -5% after 24 h in culture to almost 50% by day 5 in culture (Table I ). An examination of the DNA distribution of the A and B subpopulations indicated that with time more and more cells entered the S + G2 + M phases of the cell cycle. Cultures, in which the keratinocytes did not undergo this initial transition from the low-RNA A compartment to the high-RNA B compartment, grew as isolated colonies that never coalesced or stratified and were thus unsuitable for use as grafts. Although the high-RNA B subpopulation, in the early phase of growth, was derived from and continuous with the low-RNA A subpopulation, these two subpopulations became independent ofeach other with time (see below).
Phase ofrapidproliferation in culture. Generation of a maximum number of cycling (S + G2 + M) cells occurred between days 7 and 11 of culture. Three subpopulations of cells could be distinguished based upon RNA content at this time (Fig. 5) . The low-RNA A and high-RNA B compartments are the same as described above. During this growth stage, however, these subpopulations appeared to be independent of each other with few transitional cells in between. In addition, a third compartment of cells (6.7-9.3% of total), designated "C" was observed.
This cluster extended from the GI phase of the B subpopulation and consisted of cells with no distinct S + G2 + M phases. had to undergo a number of cell divisions before achieving the degree of stratification observed in early and late plateau phase. We have described above the existence of a low-RNA, basal, A subpopulation and a high-RNA B subpopulation, both ofwhich contained cells within the S + G2 + M phases of the cell cycle. In order to assess the kinetic status of these two subpopulations during their growth in culture, a series of six stathmokinetic studies were done during the phase in which the maximum number of cycling cells was observed (days 7-1 1) and three experiments during the early plateau phase (days [12] [13] [14] . These experiments enabled us to determine the rates at which the low-RNA A and high-RNA B subpopulations were traversing the cell cycle during the progression from rapid proliferation through early plateau phase of growth in culture. After incubation of the keratinocytes in colcemid for varying periods of time, cultures were harvested and cells stained with AO as described above. The low-RNA A and high-RNA B subpopulations were individually analyzed using gating analysis based upon RNA content. The C compartment was observed to be a noncycling compartment and thus not considered in these experiments. Cell cycle distributions of the A and B subpopulations were estimated for each time point of the stathmokinesis. Although the high-RNA B subpopulation is derived from and continuous with the low-RNA A subpopulation during the initial phase of in vitro growth (days 1-6 after seeding), by day 7 these two subpopulations behave independently. Mathematical modeling of the stathmokinetic results indicated that no transition of cells occurred between the A and B and C subpopulations throughout the duration ofthe stathmokinesis (separate manuscript in preparation). Thus during these stages of growth in culture, the populations could be considered separately.
Immediately prior to the addition of colcemid, 7.4% of the A subpopulation keratinocytes in day 7-11 cultures (phase of rapid proliferation) were located in the G2 + M phases of the cell cycle. Approximately 12.5% of the B subpopulation keratinocytes were also in G2 + M. A significant number of cells from both the low-RNA A and high-RNA B subpopulations entered G2 + M during the 7 h in the presence of colcemid (Fig.  6 ). The Values given as mean±SEM.
RNA B subpopulation was approximately two and one-half to three times faster than that of the low-RNA A subpopulation.
The cell cycle kinetics of the A and B subpopulations were also determined during the early plateau phase of culture (days 12-14; Fig. 7 ). The cell doubling time of the high-RNA B subpopulation remained the same during this phase ofculture (-40 hours). In contrast, the doubling time of the low-RNA A subpopulation was considerably longer during the plateau phase of culture (200-300 h). Thus during the early plateau phase of culture, the doubling time of the high-RNA B subpopulation was five to seven times faster than that of the low-RNA A subpopulation.
Relationship ofkinetic status ofepidermal cultures and graft survival after transplantation
As described above, RNA/DNA FCM can accurately assess the kinetic status of human keratinocytes grown in vitro. As part of the overall effort to determine optimal conditions for the use of cultured epidermal cell sheets as transplantable grafts, a series of 20 deep second-degree or third-degree burn wounds were grafted with either rapidly proliferating, early plateau phase, or late plateau phase cultures (Table IV) . The minimal time required for complete closure of the wounds after grafting was documented. Table IV presents preliminary data on the relationship between the kinetic status of the epidermal cell sheet as determined by FCM, and the subsequent healing ofthe wound. The present data indicate that epidermal cell sheets derived from rapidly proliferating cultures (days 7-1 1 ofgrowth) had the lowest incidence of survival after grafting (one of four total). In contrast, epidermal cell sheets derived from both early and late plateau phase of culture had significantly higher incidences of survival after grafting (3 of 5 and 8 of 11, respectively). Thus, human keratinocyte cultures that had progressed through the rapidly proliferative phase of growth and entered the more differentiated phases of culture were more suitable for use as grafts. Although the data also suggest that wounds grafted with late plateau phase cultures healed on average more rapidly (15.0±3.0 d) than wounds grafted with early plateau phase cultures (24.3±7.8 d), greater sample numbers must be accumulated to determine the statistical significance of this finding.
Discussion
Cultures of human epidermal cells grown according to the present method are composed of three distinct keratinocyte subpopulations distinguishable on the basis of cell size, RNA content, immunochemical properties, and cell cycle kinetics. Subpopulation A consisted of small basal keratinocytes with low cellular RNA content and long cell-doubling times. Subpopulation B cells were two to three times larger, had a higher RNA content, and significantly shorter cell-doubling times than A keratinocytes. Subpopulation C consisted of large nondividing cells with the highest RNA content.
Single-cell suspensions of human epidermal cells clearly possess different capabilities for attachment and growth. During the initial phase of culture, the majority of the larger, more differentiated keratinocytes were unable to adhere to the plastic substratum. Those cells capable ofattachment during this phase were small basal cells. Such adherent basal cells gave rise to multilayered sheets of keratinocytes. Two distinct types of cells could be identified in these stratified sheets: a basal layer of small rounded cells attached to the plastic and suprabasal layers of larger cells with greater amounts of vacuolated cytoplasm, reminiscent of stratum germinativum and stratum spinosum cells in vivo. This analogy was further confirmed by the immunohistochemical findings using monoclonal antibody 1/2 in which staining patterns of the cultured epidermal cells approximated that of normal epidermis. No stratum comeum has been observed in this system; however, when these cultures are grafted onto human burn wounds, a mature stratum corneum will develop with 7-10 days (Fig. 2 D; 7) .
Until recently, FCM measurements of keratinocytes have focused on single-parameter measurements of DNA content (with or without calculation ofpercent labeled mitoses) to assess cell cycle distributions and ploidy levels of diseased and normal epidermis (20) (21) (22) (23) . These observations, in conjunction with mathematical modeling data (24), have suggested that keratinocytes are highly heterogeneous regarding both cell type and rate of cell cycle traverse. Consistent with this mathematical analysis, Lavker and Sun described two morphologically distinct types ofbasal keratinocytes (25, 26) . One such subtype was shown to have a relatively low rate of cell division subsequently giving 7 8 Time (hours) Figure 7 . Stathmokinetic studies on the rate of entry into G2 + M of the low-RNA A (a) and high-RNA B (o) compartments of keratinocyte cultures during early plateau phase of culture (days [12] [13] [14] . Stathmokinetic studies were carried out as described in Fig. 6 . The rate of entry into G2 + M of the high-RNA B subpopulation of keratinocytes was six to eight times faster as compared to the low-RNA A subpopulation during the early plateau phase of culture.
rise to a rapidly dividing subpopulation of suprabasal keratinocytes. The present data directly discriminate two distinct subpopulations of cycling keratinocytes based upon RNA content. The low-RNA A and high-RNA B subpopulations both contain cells within the GI, S, G2, and M phases of the cell cycle. The stathmokinetic experiments presented here show that both the A and B subpopulations are proliferating albeit at different rates. The A compartment keratinocytes have a generation time of -100-120 h during days 7-1 1 of culture. In contrast, the B compartment cells have a generation time of -30-40 h during this period of culture growth. During the latter stages of culture (days 12-21), the growth rate of the culture decreased while the total However, identification of a rapidly proliferating B subpopulation of keratinocytes within these early cultures is highly correlated with the subsequent ability of these cells to coalesce, stratify, and reach the level of maturity necessary for clinical use.
In order to define the relationship between culture growth phase (e.g., rapid proliferation, early plateau phase and late plateau phase) and graft suitability, a series of 20 deep seconddegree or third-degree human burn wounds were grafted with cultured epidermal cell sheets harvested at various time during their growth and differentiation in culture. Attempts to use cultured grafts at an early stage of maturation (days 7-1 1 ofgrowth) have proven difficult and resulted in a low rate ofsurvival (25%). In contrast, attempts to use cultured grafts at later stages of maturation, i.e., from early plateau phase or late plateau phase of growth in vitro, resulted in a significantly higher rate of survival after grafting (60% and 72%, respectively). Furthermore, preliminary evidence suggests that wounds grafted with late plateau phase cultures may heal more rapidly (I15.0±3.0 d) than wounds grafted with early plateau phase cultures (24.3±7.8 d). Thus there is a relationship between the kinetic status of the epidermal cell sheets measured by RNA/DNA FCM, and their subsequent ability to survive after grafting. Studies are continuing to further optimize the time during the plateau phase of culture that will provide the most rapid healing of burn wounds after transplantation.
In conclusion, RNA/DNA FCM can provide an objective way to evaluate: (a) whether human keratinocytes seeded into culture will reach confluency and stratify, and (b) the most appropriate stage for successful graft transplantation.
